To investigate structure-function relationships of erythropoietin (Epo), we have obtained cDNA sequences that encode the mature Epo protein of a variety of mammals. A first set of primers, corresponding to conserved nucleotide sequences between mouse and human DNAs, allowed us to amplify by polymerase chain reaction (PCR) intron I/ exon 2 fragments from genomic DNA of the hamster, cat, lion, dog, horse, sheep, dolphin, and pig. Sequencing of these fragments permitted the design of a second generation of species-specific primers. RNA was prepared from anemic kidneys and reverse-transcribed. Using our battery of species-specific 5' primers, we were able to successfully PCR-amplify Epo cDNA from Rhesus monkey, rat, sheep, dog, cat, and pig. Deduced amino acid sequences of mature Epo proteins from these animals, in combination with known sequences for human, Cynomolgus monkey, and mouse, showed a high degree of homology, which RYTHROPOIETIN (Epo) is the hematopoietic cyto-E kine that regulates red blood cell production. In mammals, this 34-Kd glycoprotein hormone is produced in the fetal liver and adult kidney, circulates in the bloodstream, and binds to receptors on committed progenitor cells in the bone marrow and other hematopoietic tissues, resulting in proliferation and terminal maturation of erythroid cells.' The expression of both Epo mRNA and Epo protein is markedly increased by hypoxia, owing to a 3' enhancer and to highly conserved elements in the promoter This elegant servomechanism enables Epo to regulate the red blood cell mass of humans and other animals.
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A large number of early physiologic studies have established extensive, although incomplete, biologic cross-reactivity between the Epos of humans and a number of other mammals, including the mouse, rat, sheep, and rabbit.'SG8 In contrast, nonmammalian vertebrates (amphibians:" birds,",'* and fishI3) have erythropoietic hormones that fail to cross-react with mammalian erythroid cells, and viceThus far, the Epo genes of a h~m a n , '~. '~ a monkey (Macaca fascicularis), 16 and a rodent (the m o u~e~'~~~) have been cloned, sequenced, and expressed. In view of the marked cross-reactivity between mammalian Epos, it is not surprising that there is a high degree of sequence homology in the coding region of the mature secreted proteins. In keeping with their close phylogenetic relationship, human and monkey Epos are 94% and 91% identical in nucleotide and amino acid sequence, respectively. In contrast, human and mouse Epos are 76% identical in nucleotide sequence and 80% identical in amino acid sequence.
Direct information on the three-dimensional structure of Epo is not yet available. Insights into structure-function relationships of Epo can be gained from the analyses of a more complete set of animal sequences. Such information could be useful for sequence-based computer modeling of threedimensional structure. Moreover, a larger data base would permit the identification of highly conserved domains that are likely to be crucial to folding and/or biologic function.
explains the biologic and immunological cross-reactivity that has been observed in a number of species. Human Epo is 91 % identical to monkey Epo, 85% to cat and dog Epo, and 80% to 82% to pig, sheep, mouse, and rat Epos. There was full conservation of (1) the disulfide bridge linking the NH2 and COOH termini; (2) N-glycosylation sites; and (3) predicted amphipathic a-helices. In contrast, the short disulfide bridge (C29/C33 in humans) is not invariant. Cys33 was replaced by a Pro in rodents. Most of the amino acid replacements were conservative. The C-terminal part of the loop between the C and D helices showed the most variation, with several amino acid substitutions, deletions, and/or insertions. Calculations of maximum parsimony for intron l/exon 2 sequences as well as coding sequences enabled the construction of cladograms that are in good agreement with known phylogenetic relationships. 0 1993 by The American Society of Hematology.
Finally, comparative amino acid and nucleotide sequence information on Epo provides additional data for investigating phylogenetic relationships.
We report here the use of polymerase chain reaction (PCR)-based techniques for obtaining the full coding sequences of Epos of the Rhesus monkey, rat, sheep, pig, dog, and cat, as well as partial sequences from three other species. The design and preparation of mutants that test a 4 a helical bundle model of Epo tertiary structure have been presented elsewhere."
MATERIALS AND METHODS

Animal Samples
Human hepatoma Hep3B cell line and multiple kidney-derived cell lines from hamster (BHK), sheep (MDOK), pig (LLC-PKl), dog (MDCK), cat (CRF-K), lion (PAL1-K), and spotted dolphin (SPl-K) were obtained through the American Type Culture Collection (Rockville, MD). Monolayer cells were grown in 100 X 20 mm tissue culture dishes using recommended media and maintained in Oligonucleotide primer sequences. The localization of the primer coincides to previously published nucleotidic sequences for the humanlS (1) and murine" (2) Epo genes. EX2R and EX5 are not completely conserved between the human and mouse (respectively, 93% and 95% identity). An equal amount of each possible nucleotide was incorporated during the corresponding cycles of those primer syntheses. EX2R and NCOl are reverse primers and their sequences represent the antisense DNA strand.
a humidified 5% co2/95% air incubator at 37OC. In some experiments, cells were made hypoxic by overnight incubation in 1% 02, 5% COz, and 94% N2 at 37°C.
A 4-kb genomic human Epo clone (gEpo4) was provided by Genetics Institute (Boston, MA).
PolyA' RNA prepared from Rhesus monkey kidney was purchased from Clontech (Palo Alto, CA). Kidneys from anemic cat and horse were obtained from veterinarians at Tufts School of Veterinary Medicine (Grafton, MA) and the University of Nebraska (Lincoln, NE), respectively. Anemia was induced by three consecutive daily intraperitoneal injections of phenylhydrazine (60 mg/kg body weight) into male Sprague-Dawley rats (SD-strain) and by repeated bleeding of the dog, the sheep, and the pig. Kidneys were aseptically removed after induction and stored immediately in liquid nitrogen.
DNA and RNA Preparations
DNAs from cell lines or homogenized kidneys were extracted using pancreatic RNAase/SDS/proteinase K following a procedure modified from Blin and Stafford?' Kidneys were homogenized in 4 mol/L guanidine isothiocyanate ( IO mL/g of frozen organ) containing 0.1 mol/L 8-mercaptoethanol and 2% N-lauryl-sarcosine. Total RNAs were isolated by centrifugation over 5.7 mol/L CsCL2' After ethanol precipitation, the samples were resuspended in diethyl pyrocarbonate-treated water and genomic DNA . . C-DNA : : ATG :sP:
PCR strategy used for the cloning of mammalian cDNAs containing the complete coding sequence of the mature Epo protein.
Genomic amplification and sequencing of exonic fragments, localized upstream and downstream from the nucleotide portion coding for the mature protein, allowed the design of species specific primers (SP). Use of those SP primers and/or of primers, 100% conserved between the human and mouse (5 ATG and 3 NCOI) on cDNA templates prepared from kidney of uninduced or hypoxia-induced animals, allows the amplification of a variety of mammalian Epo clones. Sense (-) and antisense (c) primers are represented by the arrows. Dashed boxes correspond to the coding part (propeptide and mature protein) of the five Epo exons. Shaded boxes represent the 5 and 3 untranslated regions.
For personal use only. --------------G G G T G G --T G -G --C ------G -----------A T -G A A T G A A -G C -----A G -C A G - stored at -70°C. Confluent monolayer cells were washed twice with sterile phosphate-buffered saline and directly lysed in the 4 mol/L guanidine isothiocyanate solution. Total RNAs were isolated as described above for the kidneys.
RNA samples were first converted into single-strand cDNA. Two to 4 pg of total RNA from kidney or 500 ng to 1 pg of total RNA from cultured cells was denatured at 68°C in presence of 2 pg of oligo dT(,,,. Reverse transcription was performed in a 20 pL final volume, containing 50 mmol/L Tris-HC1, pH 8. CGTAGAAGTC  TGTAGAAGTC  CATAGAAGTT  TGTAGAAGTT  TCTGGAAGTC  CATGGAGGTC  TGTGGAAGTC   TGGCAGGGCC  TGGCAGGGCC  TGGCAAGGCC  TGGCAAGGCC  TGGCAGGGCC  TGGCAGGGTC  TGGCAGGGCC   300   TGGCCCTGCT  TGGCCCTGCT  TGTCCCTGCT  TGTCTCTGCT  TGGCTCTGCT  TGGCCCTGCT  TCGCCCTGCT   GTCGGAAGCT  CTCAGAAGCT  CTCAGAAGCC  CTCAGAAGCC  CTCAGAAGCT  CTCAGAAGCC  CTCAGAAGCC   GTCCTGCGGG  GTCCTGCGGG  ATCCTGCAGG  ATCCTGCAGG  ATCTTTCGGG  ATCCTGCAGG  ATCCTGCGGG   GCCAGGCCCT  GCCAGGCCGT  CCCAGGCCCT  CCCAGGCTCT  GCCAGGCCCT  GCCAGGCCCT  GCCAGGCCCT   GTTGGTCAAC  GTTGGCCAAC  GCTAGCCAAT  GCAGGCCAAT  ACCGGCCAAC  GTTGGCCAAC  GCTGGCCAAC   350   TCTTCCCAGC  TCTTCCCAGC  TCCTCCCAGC  TCCTCCCAGC  GCATCCCAGC  TCCTCCCAGC TCCACTCCGA  TCCACTCCGA  TCCACTCCGA  TCCACTCCGA  CCCACTCCGA  CCCACTCCGA   500   ACAATCACTG  ACCATCACTG  ACACTCACAG  ACACTCACAG  ATATTCACTG  ACATTTGCTG   CTGACACTTT  CTGACACTTT  TGGATACTTT  CGGATACTTT  TTGATGCTTT  TTGATACTTT   CCGCAAACTC  CTGCAAACTC  CTGCAAGCTC  CTGCAAGCTC  GTCCAAGCTC  GTGCAAACTT  GTGCAAACTT   TTCCGAGTCT  TTCCGAGTCT  TTCCGGGTCT  TTCCGGGTCT  TTCCGAATCT  TTCCGCAACT  TTCCGAATCT   ACTCCAATTT  ACTCCAATTT  ACGCCAACTT  ACTCCAACTT  ACTCCAAiTT  ACTCCAATTT  ACTCCAACTT  GCAACC---T  TCCACTCCGA ACATTCACTG TCGATACTTT   550   CCTCCGGGGA  CCTCCGGGGA  CCTCCGGGGG  CCTCCGGGGG  CCTGAGGGGA  CCTGCGGGGA  CCTGCGGGGA   AAGCTGAAGC  AAGCTGAAGC  AAACTGAAGC  AAACTGAAGC  AAGCTGACGC  AAGCTGACGC  AAGCTGACGC   TGTACACAGG  TGTACACGGG  TGTACACGGG  TGTACACGGG  TGTACACAGG  TGTACACTGG  TGTACACAGG   GGAGGCCTGC  GGAGGCCTGC  AGAGGTCTGC  GGAGGCCTGC  GGAGGCCTGC  AGAGGCCTGC 
Subcloning and Sequencing
Small (250 to 330 bp) amplified genomic fragments were directly subjected to automated sequencing, using the PCR primers as DNA sequencing primers.
For PCR-generated cDNA products were blunt-ended using Klenow fragment and 5' phosphorylated by T4 DNA kinase (Boehringer Mannheim, Indianapolis, IN). They were then cloned into the Sma I site of the phagemid pBIuescript I1 SK (Stratagene, La Jolla, CA). The double-stranded plasmid was sequenced using the SK and KS sequencing primers.
In all cases, sequencing reactions were performed on an Applied Biosystems 373A Automated DNA Sequencer using the DyeDeoxy Terminator Sequencer kit (Applied Biosystems, Foster City, CA) and thermal cycling with Taq DNA polymerase (Promega), as previously described." To avoid errors, for each species, samples derived from 4 to 8 different amplifications were isolated and subcloned. In each case, both strands were sequenced. A very low error rate was encountered, in keeping with the 100% agreement between the rat cDNA sequence (see Fig 4) and that recently reported by Nagao et a1.23
Mammalian Expression
Inserts containing full-length mammalian Epo coding sequences were subcloned into pSGS plasmid (Stratagene) and were transiently expressed in cos7 cells. Seventy-two-hour supernatants were tested for their ability to sustain cellular proliferation of the Epodependent HCD57 cell line.24
RESULTS AND DISCUSSION
Because of the known biologic cross-reactivity between various mammalian Epos and the presumption of strong homology in the coding sequences, a logical cloning strategy would be to screen cDNA libraries with moderate to low stringency. However, Epo mRNA is expressed at barely detectable levels in all tissues except in hypoxic kidney and Therefore, it would be necessary to generate libraries for each of the species of interest. Our primary research interest is in structure-function relationships of Epo and, therefore, we require full coding sequences of the mature Epo protein, rather than full cDNA sequences. Accordingly, we elected to use a PCR cloning strategy predicated on known strong homologies in Epo cDNA sequences that 5ank the region encoding the mature protein. There was sufficient conservation of sequence around the NCOl site in the 3' untranslated region (UTR) that a single primer could be used to amplify full-length mature Epo 3' coding sequences in the rat, sheep, pig, and cat as well as in the dog. However, we were unsuccessful in finding a universal 5' primer and therefore had to generate species-specific sequences from amplifications of genomic DNA. This twostage PCR strategy proved to be satisfactory in generating highly accurate sequence information with a minimum expenditure of time and resources. In all instances, there was full agreement between sequences of complementary strands.
Preparation of Mammalian Epo cDNAs
The sequences of Epo genes from three species have been already published: two primates, the and Cynomolgus monkey (Macaca fascicularis), 16 and a rodent, the mouse (Mus muscul~s).",'~ There is substantial homology at the nucleotide level not only in the coding sequences, but also in portions of introns and in 5' and 3' untranslated sequences of exons 1 and 5 , respectively. A number of primers, corresponding to conserved nucleotide sequences between the mouse and human, were synthesized and tested for their ability to produce genomic PCR fragments from a wide variety of mammalian cell lines. A 4-kb human genomic clone and genomic DNA extracted from the human hepatoma cell line Hep3B were used as control templates for the PCR amplifications.
In particular, two pairs of primers, IVl/EX2R and EX5/ NCOI (Fig l) , directed the amplifications of fragments of 330 and 250 bp, respectively, from genomic DNA of all human and mammalian cell lines that we investigated. IV 1 is a 25-mer oligonucleotide localized in intron 1, 2 16/2 17 bases upstream from the start of exon 2. The human and mouse are identical except that the human sequence contains an extra G nucleotide at position 996. IV1 primer corresponding to the mouse sequence was synthesized. The 23-mer EX2R ends 28 nucleotides upstream from the 3'end of exon 2. EX5 is a 22-mer, beginning 34 bases downstream from the 5' end of exon 5. NCOI represents a 20-bp, 100% conserved, DNA fragment, starting 112/113 bases downstream from the TGA stop codon and contains the unique NCOI site present in the human and mouse gene.
An ATG primer was also synthesized, corresponding to a 20 oligonucleotide stretch, extending both 5' and 3' from the initiator methionine codon. This sequence is also totally conserved between primates and mouse. Whereas combinations of exonic primers (ATG/EX2R, EXS/NCOI, and ATG/NCOI) were able to direct amplification from cDNA prepared from RNA of the human Epo-producing cell line Hep3B, no amplification was obtained on cDNA prepared 
....
- clones. We first explored the efficacy of the IV 1 and EX2R 5% CO,, and 94% N, at 37°C. primers for amplification of genomic fragments from differThe amplification of species-specific IVI/EX2R and ent purified DNA templates. In all the reactions, fragments EXS/NCOI genomic fragments allowed us to design a stratof predicted size were the main (and, when using the most egy shown in Fig 2 for obtaining cDNA clones containing stringent annealing temperature, often the only) products the complete coding sequence of mature Epo protein from detected by agarose gel electrophoresis. The (direct) sevarious mammals. The IVl/EX2R primer pair resulted in a quences of these PCR-generated fragments are presented in genomic fragment (-330 bp) extending from the Ythird of The percentages of identity among the various sequences were determined from the amino acid alignment reported in Fig 6A. 
leo); and two rodents, the mouse (Mus musculus) and hamster (Cricetus Cricetus).
The cat and lion exhibited an almost complete sequence identity, with only one T to G nucleotide substitution near the 5' end of the amplified portion of the first intron.
The ability ofthe intronic IV1 to anneal to genomic DNA from various species and, in combination with EX2R, to amplify PCR fragments of identical size, showed a high degree of conservation of sequence and position between mammals. This finding suggests that IVl sequence may be involved to some extent in the regulation of the Epo gene expression. The comparison of IVl/EX2R sequences also showed two remarkably conserved intronic sequences: AT(T/A)GAATGAA(G/C)GC (nucleotides 1046 to 105 8 in the human gene) and A(A/T)GGTN(G/C)GGG (nucleotides 1085 to 1094).
Amplijication of partial exon 5 fragments from genomic DNAs. PCR reactions were also performed applying the EXS/NCOI primer pair to various purified genomic DNAs. As we previously observed for the amplification of IVI/ EXZR, in all of the tested samples a unique main band of about 250 bp (as predicted for human and mouse genes) was detected on analytical agarose gel electrophoresis. Direct DNA sequencing of these fragments showed that the bulk of the purified PCR product corresponded to the expected Epo exon 5 sequence. However, for some DNA samples, which were purified from horse kidney and several cell lines (BHK and LLC-PKl in particular), unknown sequences were present to various extents. These minor contaminating PCR products generated extraneous peaks in the sequence data, resulting in ambiguities at several positions. Nevertheless, computer-edited analyses of generated 3' noncoding sequences were sufficient to design, if necessary, specific primers with greater than 95% accuracy (data not shown).
Cloning of partial cDNAs encoding the complete mature Epo protein. As we previously mentioned, we were unable to obtain any amplification with cDNAs prepared from renal-derived mammalian cell lines. Therefore, we tested our battery of primers on reverse-transcribed RNAs prepared from kidney of several mammals. We have successfully amplified Epo cDNA from one primate, the Rhesus monkey (Macaca mullata); two carnivores, the dog (Canis familiaris) and cat (Felis catus); one rodent, the rat (Rattus nowegicus); and two 'artiodactyls, the pig (Sus scrofa) and sheep (Ovis aries). The aligned nucleotide sequences are presented in Fig 4. They have been deposited with the GenBank Data Library and were given the following accession numbers: L10609 (Rhesus monkey), L10606 (cat), L10608 (rat), L10607 (pig), L10610 (sheep), and L13027 (dog).
The Rhesus monkey, rat, and sheep cDNAs were amplified using the ATG/NCOI primer-pair combination. The pig, cat, and dog sequences were obtained by the use of a 5' 24-mer specific primer (SP 1, 5' TGCTTCTGCTATCTT-TGCTGCTGC 3'). IVl/EXZR sequencing showed that this exon 2 sequence was shared by the three species. In all PCR amplifications, NCOI was used as the reverse primer. Conservation of the NCOI sequence among mammals suggests a potential biologic role of this nucleotide sequence (perhaps in modulating the stability of Epo mRNA).29 Considerable homology is also found in the sequenced 3' untranslated segment of exon 5 (Fig 4) .
When compared with human Epo, the overall percentages of nucleotide identity are, respectively, 93.5% for the Rhesus monkey, 86.7% for the cat, 85.7% for the dog and the pig, 83% for the sheep, and 75.5% for the rat. The Rhesus monkey and Cynomologus monkeyI6 were 99.6% identical. The m o u~e~' , '~ and rat nucleotide sequences showed greater than 93% identity. The cat and dog sequences were 91% identical and the two sequenced artiodactyls, the pig and sheep, showed 88% identity.*
Comparison of Mammalian Epo Primary Sequences
The predicted amino acid propeptide sequences of several mammals are presented in Fig 5. In the primates, there is strong conservation of the sequences of deduced propeptides, with only two amino acid substitutions at positions -1 1 (Leu in humans v Val in both monkeys) and -2 (Leu in humans v Pro in both monkeys). Expression of Cynomolgus monkey Epo gene in cultured mammalian cells resulted in the production of mature monkey Epo that was elongated at the N-terminus by three additional residues, Val-Pro-Gly.I6 As the Rhesus monkey has the same substitutions, an identical site of cleavage is likely. The Leu to Pro amino acid replacement at -2 is probably responsible for the differential activity of the signal peptidase observed between humans and monkeys. The three rodents (mouse, rat, and hamster) have identical propeptide amino acid sequences. The two carnivores also share one propeptide sequence.
Mature protein.
A comparison of the three previously published and our six deduced amino acid sequences of mature Epo proteins is shown in Fig 6A. Epo is highly con-
Propeptides.
* Several PCR attempts on total RNA purified from the horse kidney were unsuccessful, even when using 5-and 3-specific equine primers (SP), presumably because analysis on 1 % formaldehyde/ agarose gel showed degradation of the RNA.
For personal use only. on October 30, 2017 . by guest www.bloodjournal.org From served among mammals. The amino acid alignment showed that more than 63% of the molecule is composed of invariant amino acids ( 106 residues) (Fig 6B) . Most of the observed substitutions are conservative, involving residues with similar physical and chemical properties. The calculated percentages of sequence identity are shown in Table 1 .
There is 100% conservation of Cys7 at the N-terminal portion of the polypeptide and Cys I6 1 near the C-terminus. This disulphide bridge is essential to the formation of a stable and functional cytokine. 30 In contrast, whereas Cys29 is invariant in all the species we examined, Cys33 is present only in the primates, sheep, pig, and cat, but not in the two rodents, in which there is a proline. The lack of functional importance of this short disulfide loop is underscored by muteins, reported by Boissel et al,I9 in which tyrosine substitutions at each or both of these sites have no effect on Epo's biologic activity." There is also 100% conservation of all three asparagine residues responsible for N-linked glycosylation. Even though Epo deprived of its carbohydrate either by enzymatic cleavage3' or by production in bacteria32 has full in vitro biologic activity, survival of the hormone in the circulation depends on N-linked glyco~ylation.~~ In contrast, the 0-linked glycosylation site (Ser126 in human Epo) is not essential for biologic function as it is missing in mouse and rat Epos.
As shown in Fig 6A, there is very high conservation of sequence in regions that, by algorithms based on primary structure, are predicted to be a helices." The few differences in sequence within these helical regions are conservative replacements. Indeed, some sites within these predicted a helices are conserved in corresponding helices of other cytokine^.^^ In contrast, regions predicted to be interhelical loops are less well conserved, particularly the 14 residue stretch between residues 1 16 and 130 of human Epo. In a companion report," we show that a mutein with a deletion of residues 1 1 1 through 119 has normal stability and biologic activity, whereas a deletion of residues 122 through 126 fails to produce a detectable protein, probably owing to markedly impaired stability.
Similar overall 4 a-helical bundle structure exists or is predicted for several other cytokines/hormones, such as growth hormone (GH), granulocyte-macrophage colonystimulating factor (GM-CSF), interleukin-3 (IL-3), IL-4, and IL-5.35 Like Epo, GH exhibits a high degree of primary sequence conservation and biologic cross-reactivity between mammals. The mouse, rat, pig, and sheep proteins show about 80% of amino acid identity with human GH. On the contrary, in other cytokines there is more sequence diversity among species. For example, the human and murine forms of IL-5, GM-CSF, and IL-3 show, respectively, only 69%,54%, and 26% amino acid sequence identity. Fur- substitutions. Each link between ancestral nodes has a circled number; this strength of grouping number is the minimum number of substitutions that must be added to the length of the maximum parsimony tree to find a tree that breaks down the barrier (moves one or more sequences) between the two groups separated by the interior link. (B) The phylogenetic tree derived from the maximum parsimony reconstruction. On the basis of other molecular evidence involving comparative amino acid sequence data from monotremes, marsupials, and many eutherian species,m,38 the root of this Epo phylogenetic tree is placed on the interior link separating the artiodactyl group from the primate, rodent, and cat group. The numbers on the internodal links represent the numbers of base pairs by which the nodal ancestral and descendant sequences differ. MYA, millions of years ago, as inferred from paleontologic views of eutherian phylogeny. (C) Parsimony reconstruction on that portion of the cDNA sequences that are codons for amino acids.
The numbers shown as a fraction on each link are, in the numerator, the number of amino acid changing base replacements and, in the denominator, the number of silent base replacements. The computer algorithm that performed this calculation is described in Crelusniak et ala (see the Fig 2 legend of this reference) . thermore, unlike Epo or GH, those proteins lack interspecies biologic cross-reactivity.
Expression of the mammalian Epo hormones. Mammalian Epo cDNAs were subcloned into the pSG5 plasmid and transiently expressed in the monkey Cos7 cell line. Supernatants of the transfected cells were able to sustain the cellular proliferation of the murine Epo-dependent HCD57 cell line, showing the biologic cross-reactivity between species. As the human Epo antisera used in our radioimmunoassay bind to Epos from other species with variable affinity, the amount of produced protein was difficult to determine accurately. Experiments are in progress to further characterize the relative affinities of the various mammalian Epos toward murine and human Epo receptors.
Phylogenetic analyses of Epo sequences. Nucleotide sequences encoding the full-length mature Epo protein were analyzed by the maximum parsimony m e t h~d .~~,~~ An all trees set of computer programs determined the parsimony length of each of the 945 unrooted trees formed by the seven cDNA sequences (the terminal taxa) (Fig 4) and, on ordering those 945 trees according to increasing length, identified the minimum number of extra nucleotide substitutions needed to break up each group in the maximum parsimony (lowest length) tree. As shown in Fig 7A and B , the mouse and rat are strongly grouped, as are the human and monkey. The dog and cat are not as strongly grouped, and the pig and sheep are very weakly grouped. These grouping results are in accord with accepted phylogenetic views, which place the intraordinal divergence, on the one hand, between dog and cat and, on the other hand, between pig and sheep at about 50 to 60 million years ago. As expected with the parsimony reconstruction on only the codon sequences, silent base substitutions occurred much more readily than did amino acid replacements (Fig 7C) .
The Epo intron 1-exon 2 sequences shown in Fig 3 were also analyzed by the maximum parsimony method. Figure  8A shows strength of grouping results based on all 135,135 unrooted trees formed by nine terminal taxa (in this case, the cat and lion sequences, which are nearly identical, were treated as a single taxon). Because of the quite limited phylogenetic information in these relatively short sequences, there are alternative maximum parsimony trees (three were found) and the consensus of these alternative trees does not depict (Fig 8A) a consistently bifurcating tree. Nevertheless, the rodents (mouse and hamster) are strongly grouped, as are the feloids (cat and lion); at more moderate strength, the cetacean (dolphin) is grouped with the artiodactyls (in particular, with sheep). There are other molecular data as well as some paleontologic data that depict cetaceans originating from early a r t i o d a~t y l s .~~~~~~' Figure 8B shows a near maximum parsimony tree. This tree has a length of 287 base substitutions, whereas the length of each maximum parsimony tree is 286 base substitutions. A maximum parsimony tree can be obtained by exchanging positions of the horse and human branches, thus placing the human rather than the horse close to artiodactyls. However, the grouping of horse with the artiodactyl-cetacean clade (ie, the near maximum parsimony tree) is in better agreement with wellsupported phylogenetic evidence on mammalian ordinal relationships than is the maximum parsimony tree.
